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ARSTRACT

Natural convection between spaces In a bulld-
Ing can play a major role fn ●nergy transfer. Two
sl~.uationsare tnvestfgated: convection though a
single doorway Into a remote room, and # convec-
tive loop In a two-stiry house with a south sun-
space where a north statrwey serves as the return
path. A doorway-sizing equation Is gtven for the
stngle-door case. Detailed da”td ere given from
the monitoring of afrflw In one two-story house
and sunsnerydata are given for ffvs others. &-
servatlons on the nature of the uirflow and design
guidelines are presented.

INTRODl~CTION.—.—

Natural corwectfon can play a major role In
d~strlbutfng heat throughout passive solar bulld-
Ings. Remote rooms can be effectively heated by
alr convection through a doonvay that connects the
remoti roan to a solar heated room. Experlmelltal
results from several bulldlngs show typical d&y-
time convective heat flow of 1000 to 2000 Btu/h
driven by timpernture differences of 3 to 5oF
between rooms providing adequate heat for comfort.
These results are In good agreement w!th a simple
doorway correlation equat~on. ConvectIon through
single doorways was found to be the major utecha-
nlsm for dfstrtbutlon of heat from tie sunspace to
the house in the Balcomb solar home, accounting
for transl’erof 16.3 million Btu durtng a 6-month
;~~r pertod (Balcomb, Hedstrom, awd Perry,

. Analysts shows that the large swfngs In
sunspace temperature std fn thfs exchange; h~at
storage in the matirials af room surfaces was alsc
found to be qu~te Import#’ .

A more complex sftuat{on concerns ilternal
convective loops that can play t vitdl rols in
distribution of solar heat. In a typfcal cts~,
heat ts convected from a sunspace through upper
doorways or wfndows fnto the house, thrw~h hall-
weys, down ISstdirway, and returns to “he SU#c:y
through doorways at the lower level.
Santa Fe houses that have such loops hcve been
monitored us{ng smoke sticks, anemometers, and
thermocouples. The data, analyzed to dete’udne
airflows and energy flows, indicate that the flow
pattern Is often canpl~n, {nvolv~ng a main Ionp
and several subloops.

SCALE-NWEL EXPERIMENTS— ——

fcale-model experiments have been conducted W
date~mlne the characteristics of simple doorway
convection (Way and Meber, 1979; Neber, Way, and

Kearney, 1979; Ueber ●nd Kearney, 1980). Exlstfng
results provfde fOr the fOl10Win9 estimate of the
convection through a doorway at a point In time:

Q“@.6w@T~, (1)

where Q = convective heat fl”bw,Btu/h,
w ● door width, ft.
h = door height, ft, and
AT= room-to-roomt4mperatUr*

difference, oF.

This relation can be used to detennlne the
required door width needed m supply the h~at
losses from a remote room by using the same equa-
tion to describr average Cotidttlons. TO do this
we set Q equal t the 24-hour average he-t loss of
the room, in which case ATis the 24-hour average
room-to-room temperature diffarerlce:

Qw . __.,_ , (2)
4,61/liCA5

For example, If the aver~ge instde/outsfde
temperature dlfferer,ce tn Janu~\ry is 300F and
the loss coefficient of Qhe mom (11A)is 60 Btu/h,
Q=30X60 ● 1800 Btu/h, avera$e. If the mexl-
fl, tolerable, average AT from room to room is

the nacessary width of a standard 6-ft
8-i~. door Is

1800
w . —-. .— ■ 2,84 ft I 34 In,

4,G~(6,67 X 47

Os@iled numerical expartments w?re performed
to determine the validity of the steady-state
dasumption un~er time-varying conditions using
typtcal hourly room temperature and outsfde-
temperature measu:wments ,mede in passtve solar
houses (Balcomb, 1983). The conclusion of *his
Investigation ts that the 6T givw by Eq. (2) is
quite close to tha average room-to=roornAT for
cases of modmate roum-tcnperature ~twlng (for
example, AT . 1.6oF, Q ■ 800 Btu/h, source
room-temperature sutng ● 7oF). However, tf the
souwe room-temperi~tu~eswfng is ‘large,the ●qua-
tlon tends to overpredl~t the averago AT. Thus,
using Eq. (2) to size dootwsfs fs a conservative
approsch; the ATachteved wII1 b~ aqua! to or less
than the tolerance value deslr~d.

Another s~t of ●xperirmts fs currently fn
progress Wfth an {mprowsd apparatus. ltior~sults
are expected to have gre~ter precision and cover a
wtder range t~f cases. Several doorway and room

Wiorawas performmd under the auspices of the IJSDepartrwt of Energy, Offfce of Solar Heat Ter.hnologles.

**Guest Scientist, Ohbayashl-G@, Lti., 2-chcsm, Kanda Tsuka$a-cho, Ch!yoda-ku, Tokyo, Japan.



shapes as wll as convection along a corrfdor are
also being studied.

Fuure work will include the measurement of
convectfv ‘-at flcu in inn-ecomplex geometries,
particular ~ose shown to be of promise in stud-
ies cf full ale bulldings.

FULL-SCALE BUILDINGS

A convective loop, shown in Fig. 1, Is between
a two-story-high sunspace and the attached two-
story house. Suth a loop can be described as a
“heat engine.” Figure 2 shows this schematically.
Heat is added in the south side of the loop, and
the same amount of heat Is withdrawn on the north
side. Air flows around the loop because of the
difference In densities between the south leg and
the north leg. In fact, we can calculate the flow
ratfibased on the difference fn average tempera-
tures between the two legs. It fs also possible
for heat to be removed along the top leg of the
loop; this is particularly effective in dr{vtng
the loop because It Increa$.s the averab’ densitj
along the vertical north leg. Lastly, It is pos-
sible for heat to be removed along the bottom re-
turn leg;
the loop
Increased

this is not very effe~tive in driving
because it does ‘not contribute to
densfty fn the north vertical leg.

SUNSPACE ~HOUSE Y

the

Fig. 1. TYDfcal natural convective loop fn a two-
s~ry housd’w{th & sunspace,

‘EAT-+>RA~~’DADDED

F
c~—-

Fig. 2. “Haat engfne” representation of a convec-
tive loop. The engine frnthe #fr motion, and the
drfvlng mechanism Is heat added on on. stds and
rmvcd on th~ other.

Ttds Investigation Is not concerned with the
c!ouble-envelopehouse concept, a @pecial case that
has been much debated. It is, instead, concerned
solely wfth loops that involvtinorml architectur-
al elements within a building, such as hallways,
stairways, other rooms in the buildfng, and door-
ways connecting these spaces.

Air velocity and temperature measurements have
beer!made in six buildings that Incorporate natu-
ral convective loops involvfng a sunspace and oth-
er architectural features (Balcomb and Yamaguchi,
1983). In most cases these loops are Inadvertent;
that is, they were not intentional or even per-
ceived by the owner or designer. Measurements
were made near midday during relatively sunny
weather; a sunmsry of these ,resultsfor six houses
is given in Table 1. The results, which will be
reported in detail In future Los Alamos reports,
have been very encouraging, indicating large con-
vective energy ●xchange.

Typical results, S,WWI1below in Table I for
the thtrd building, were gathered In a two-story
house with a llnear sunspace covering the entire
south facade. The house Is Model 4 in the La
Vereda subdivision In Santa Ft, designed and built
by Consnunico (Susan and ldayle Nichols). Floor
plans are shown In Fig. 3. “Althoughtwo-way afr-
flow occurs in every doorway, the major flow Is

Into th uppl!rlevel throuqh two
~~~l~h~~~pa~and~. ~outhalfofthls
flow retur

P

to the sunspace through a door at
mldlevel, 1 (the house is split-lwel), and the
remainder ows d n a staimay and west along the

~

downstairs hall, 2 , returning through two down-
s~{rs bedrooms, and ~.

Vertical air-veloc{~ profiles were measur~d
tn each doorwey, two examples of which are shown
in Figs. 4 and 5. Volumetric airflows in each
directfon are calculated by integrating the veloc-
ity profiles for each doorway; the results are
then adjusted to achieve the necessary overql’1
mass balances for unch zone, assuming no effect
~ttrlbutable b out.sfdeair lnfiltrat{on, These
adjustments ar~ always wtthin the range of a~r
velocities measured.

Air-temperature profiles were also me~sured,
and energy flows are calculated by integrating the
product of atr velocity t?mes temperature. final
results for the huuse are shown fn Fig, 6, com-
prising airflows, velocfty-wefghted average tem-
peratures, and energy flows by natural convection.

Data taken fn other bufldfngs have been ana-
lyzed in the sam way to obtain the results {n
Table I. Some of the more {interestingobserva-
tions arr as follows:

o In one house a 2-ft2 leundry chute {n the
north art of the house provides a return air
path ~or 183 cfm of a,r, helpfng to heat a
ramot~ nurth bathroom.

o In another house a series of twelve l-ft-
dlmmeter ducts was ‘ntentfonally installed to
provide a return alr path to the sunspace. A
combtned airflow of 465 cfm wa~ measdred
passing through these ducts compared with a



TABLE 1

SUFMARY OF CONVECTION DATA WASURED IN SIX HOUSES

Sunspace Sunun~e Sunspace to House
Hefght

Ares Connecting
!hOooey Ty~~al Total Tra~%by

Atrflow Convection

# of Storfes ftz ft2 OF CFH Btu/h

Ji29’-
MVINOr

0
s 00

k

4W Bo

R 1;;
570 49
310
210 :

Eo2

OINING

o1

❑✝✝1

SUNWACE Ii /

ad

+

---.—

FfS. 3. Floor plans of La V@rcda, Hodcl 4. The
west ond 1s two stiry and the esst, entry ●nd Is
sin le story at an tntirmedfati level,

!
Arrows on

std rs shuu trafffc down, Circles Nfer M room
nuribm and squaras refer to aperture nusbers.

6 16B0 177al
3 66C 2430

2240 I55m
1: 1670 21100
4 1029 5110
4 1190 4B70

K1
70CFM 1001NIN6ROOM

74” F 8S4 CPM 10 WNSPACE

I! S2FPM 1
FI . 4.
d

Corrected velocfty proffle fn aperture
located between the dfnfng room and the sun-

spa;e.

t
I C1”F

044 CPM
To
LIVINGROW

71”? lM CPM TO WNSFACE

Ff . 5.
d

Corrected vclocft.y proffle fn aperturo
located between th{~lfvfng mom and the sun-

spt~e.
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return ai,’flowof 1014 cfm through a single
27-fn. door openfng.

* In most, but not all, cases, two-way flcu Is
observed in the apertures.

6 Alr stratification is pronounce Ic some
bufldings and almost nonexistent in others.
This is not yet well understood.

o Warm airflow is generally across the ceiling
and cold airflow along the floor, a> expected.

o Different dir streams do not seem to mix
readily and, thus, flow b their destinations
without interference?. The wannest availcble
air stream seems to flow to the coldest spot.
Consequently, the airflow pattern seems to
develop in a manner that w?ll most necrly
equalize the temperature distribution In the
building.

e The zero-flow point in each doorway (the point
where the flow velocity changes direction) is
at about the same level in doorways that con-
nact to the %ame large space, as @xp@cted.

o Small level changes, stepping down frctnnorth
to south, help greatly in convective exchange,
msint!ining warmer north-roan floor tempera-
tures.

Fig. 6. Natural airflow diagram in La
Vereda, Model 4, at 2:00 p.m., January ;1,
1983, a sunny day. See Fig. 3 for identi-
fication manbers of rooms (circles) and
apertures (squares). Airflow r?te:. and
velocity-weighted avet’age temperatures are
shown for each airflow direction for each
aperture. Net energy-flow rates are shown
for the rooms, but note that rooms 1, 8,
and 9 cannot be disagqregated so that the
total energy deposited in the three rooms
(11980 Btu/h) refers to the region enclosed
by the dotted line. Poom temperatures
shown are il~F. Greenhouse temperatures
ranged from 680F near the floor to 820F
near the ceiling.

o Discomfort can be experienced in the evening
if CJO1 return air is channeled onto the feet
of sitting people. This is observed in a
house with a two-story Trombe wall forming the
south side of the living room. Convection is
driven up the Trornbewall and across the ceil-
ing into upper-level bedrooms; air returning
from these rooms collects on F balcony over-
looking the living room. This cool air then
funnels dzwn the stairway and streams across
the living room floor at high velocity,
Floor-level perforations along the length of
balcony that would a?low the return air to
spill into the living room at low velocity
would have been a simple remedy.

o Air convection inside the Karen Terry direct-
g~~n residence (Terry, 1976) was observed to
be very small, with pronounced stratification.
Because solar qains are distributed uniforml.v
through the bu’lding, there is little need to
move heat horizontally and, thus, littlt’
convection.

Although the work described here is still in

ry.
regress, certain design guidelines emerge clear-

It is evident that a major amount of heat can
be distributed and stored inside a building by
convection from a sunspace. The major driving
rxchanlsm for this convection is the heat engine,
driven by solar heating on one side and heat.



removal on the oppos!te side (both by heat storage
In walls and daytime heat losses). That design
can benefit most fraw effective convective ●x-
change whose desfgner is fully aware of the prin-
ciples Involved.

The key design factor Is proper layout of the
buildfng so that convective loops can operate ef-
fectively. Thfs can usually be acccsnpllshedwith-
out architectural compromise. In fact, in ❑ost
cases studied, no conscious attempt to achfeve a
convective loop was made; It resulted, strictly in
serendipitous fashion, fram architectural consid-
erations.

In designing for a convective loop, the de-
sfgner shou”ldmake rtultfpleuse of bufldfng ele-
ments as ofte}: as possfble. 00 not contrqve a
convective loop for fts own sake but rather try to
work ft in with normal traffic flow. The follow-
ing list suggests one type of convective loop,
starting wfth the source of heat and moving around
in the same dfrection as the airflow.

e A sunspace makes an excellent heat source to
drive the convective loop because hfgh temper-

atures (BOoF) are available in sunny weath-
er. Because the flow velocfty varies as the
square root of the height, it fs desfrable to
make the space as hfgh as practfcal. A two-
story buflding wfth a two-story sunspace has
been found to work effectively; greater
hefghts wuld probably work even better, a;.
thohgh the tendency for temperature to stratf-
fy might be exacerbated. A dark-colored mass
wall at the back of the sunspace wfll aid fn
absorbfng the solar radfat.ionand will heat
the afr as it rises.

e Provide a large opening at the top of the sun-
space for the afr to enter the upper story.
Door are excellent for this pur ose, although

iI&r-g operable windows can !a so be used.
boors are preferable because they are larger
and are more apt to be opened during the day.
A shallow balcony openfng onto the top level
of the sunspace is a popular desfgn element.
If vents at ceiling neight are used, it is not
necessary to close them durfng the night be-
cause closing openings at the return end will
effectively shut off the loop.

o Provide for air”low across the upper level of
the build~ng frun the south side to the north
side. This is conveniently ~chieved using a
hallway, although other rooms can also be
used,

o Provide for downflaw of air fn the north part
of the house; a stairwell serves thfs purpose
ideally. The fact that tho afr may hav~ to
bend around corners to get across the build-
fng, down the stafw, and into tht lower por-
tfons of the buflding fs of no great concern
so long as the flow area is adequata. It is
desirable for th{s path to be agafnst the
north wall both to ~ncrease the afrflow and to
assure that the convective loop can effective-
ly supply the hQat loss.

●

o

Arrange for air return through the lower floor
and back into the sunspace. Agafn, thfs might
be through a hallway or simply across a room.
A doorway that can be closed in thfs portfon
of the path fs essentfal to prevent cool air
frcm the sunspace from flowing back fnto the
buildfng, tendfng to reverse the loop at
night. Windows are not effectfve for thfs
purpose because they will not allow cool
f;~or-level air b return to the sunspace.

Provfde one or more level changes at the
grou,ld floor, stepping down from the north
side of the house toward the south. This
makes the floor level of the sunspace the
lowest point in the loop so that cool air wfll
drair!to this spot. One or two steps should
be sufficient. Elevate any planting beds in
the sunspace.

Future WA is expected to include the follow-
fng:

● Measurements wfll be made over longer periods,
perhaps for several days.

o Tht?theory wfll be developed to allow quanti-
tative prediction of convective exchange in
complex situations. These calculations wfll
be reduced to algorithms for use in computer
simulation models.

e I,ddftionaldesign gufdelfnes, including quan-
titative estimation procedures, wfll be formu-
lated and transferred to the design consnunity.
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